The data underlying the results presented in the study are available from University of California, Berkeley, Max Planck Institute for Demographic Research. Human Mortality Database \[Internet\]. 2019 \[cited 2019 Jun 30\]. Available from: <http://www.mortality.org> Profiles of Ageing 2019 \[Internet\]. \[cited 2019 Jul 24\]. Available from: <https://population.un.org/ProfilesOfAgeing2019/index.html>

Introduction {#sec001}
============

One widely used measure of population aging is the potential support ratio, the inverse of the old age dependency ratio \[[@pone.0233602.ref001]\]. The potential support ratio divides the population 20 years of age and older into two disjoint age groups. Conceptually, the ratio is meant to reflect the stages of the human life cycle, distinguishing between adults who are elderly and those who are not. To compute the ratio two sorts of information are needed, the number of people at each age starting from 20 and a threshold age that divides the adult population into a group who are elderly and a group who are not.

On its website *Profiles of Ageing 2019* \[[@pone.0233602.ref001]\] the UN now publishes a conventional potential support ratio (PSR) and a prospective potential support ratio (PPSR). The difference between the two variants is based solely on different threshold ages at which people first become categorized as"old" \[[@pone.0233602.ref001]\]. In the PSR that threshold age is age 65 and is fixed independent of time or place. In the PPSR the threshold age is the age where remaining life expectancy is 15 years. We call the first, the *conventional old age threshold (COAT)* and the second the *prospective old age threshold (POAT)*. The *COAT* is the most commonly used old age threshold, but it has the disadvantage that it does not change over time and is the same for all countries regardless of their trajectories of aging.

The choice of whether to use the *COAT* or the *POAT* in assessing the extent of population aging is not arbitrary. It is not like choosing between Celsius and Fahrenheit in the measurement of temperature. Having measures of population aging based on the *COAT* and the *POAT* is like having two kinds of thermometers, where sometimes both indicate that the temperature is increasing and sometimes one indicates it is getting warmer while the other indicates it is getting cooler. Indeed, sometimes measures of population aging based on the two old age thresholds change in the same direction and sometimes they do not.

The purpose of this article is to evaluate the two old age thresholds based on an equivalency criterion. People at the old age threshold should be similar to one another in dimensions that are relevant to the study of population aging. Here we test the equivalency criterion using 5-year death rates, an indicator of health that is comparable across time and space. If an old age threshold is consistent with the equivalency criterion, then people at the old age threshold would be similar to one another in terms of 5-year death rates regardless of when or where they lived. If the equivalency criterion is violated then people in one country with a certain 5-year death rate would be categorized as old, while people in another country with the same 5-year death rate would not be.

We proceed in three steps. First, we show that the choice of which old age threshold to use is consequential. We do this by showing that the potential support ratios that use the *COAT* and the *POAT* produce very different histories and potential future paths of population aging. In the second step, we evaluate the *COAT* and the *POAT* using the equivalency criterion. We find that the *POAT* is consistent with the equivalency criterion, while the *COAT* is not. We conclude with a discussion of the implications of using measures of population aging that are consistent or not consistent with the equivalency criterion.

Two views of population aging {#sec002}
=============================

In this paper, we evaluate whether the two old age thresholds used in the UN's *Profiles of Ageing 2019* (1) are consistent with the equivalency criterion. We do this because measures of population aging using the two thresholds produce different views of the history and likely future of population aging. To illustrate those differences, we use potential support ratios computed with each of the thresholds. An example of the differences in the two prospective support ratios is presented in [Fig 1](#pone.0233602.g001){ref-type="fig"}, where we present the conventional potential support ratio (PSR) and the prospective potential support ratio (PPSR) for the world from 1950 to 2050 as they appear in the UN's *Profiles of Ageing 2019* (1). The figures for 1950 to 2015 are estimates, while subsequent figures are forecasts. The PSR is based on the *COAT*. It is the ratio of people 20--64 years-old to those 65+ years-old. Thus, the PSR assumes that people should be classified as being old beginning at age 65 regardless of where they live and when they lived. The PPSR is based on the *POAT*, where the age at which people are classified as old varies over time and space. More information about the *POAT* can be found in \[[@pone.0233602.ref002]--[@pone.0233602.ref005]\].

![Potential support ratio and prospective potential support ratio, World, 1950--2050.\
Source: United Nations, Profiles of Ageing 2019 \[[@pone.0233602.ref001]\].](pone.0233602.g001){#pone.0233602.g001}

Both the PSR and the PPSR measure the aging of populations. In particular, an increasing PSR or PPSR indicates that the population is growing younger in the sense that for each elderly person in the population there are more younger adults.

In [Fig 1](#pone.0233602.g001){ref-type="fig"}, the PSR falls continuously over the period, indicating that the population of the world was getting older. The decline in the PSR was slower between 1950 and 2010 and more rapid after that. In contrast, the PPSR tells a different story. The PPSR rises between 1950 and 2015. During this period, the PPSR shows that the world's population was getting younger and only begins to age after 2015. In 2050, the PPSR indicates that the world's population will be about as aged as it was in 1965. The use of different old age thresholds leads to different conclusions about whether the world's population only began to get older after 2015 or whether it was aging continuously from 1950 onward.

We present a second example of the implications of using each of the two old age thresholds in [Fig 2](#pone.0233602.g002){ref-type="fig"}, where we compare the behavior of the PSR and the PPSR in China. The Chinese economy achieved a rate of economic growth of around 10 percent per annum from the economic reforms at the end of the 1970s to the early part of the current decade. \[[@pone.0233602.ref006]\] According to the PSR, this high and sustained rate of economic growth occurred during a period in which the population of China was rapidly aging. The PSR fell from around 10 in 1978 to around 7 in 2013. In contrast, during the same period, the PPSR rose from around 7 in 1978 to around 8 in 2013. Did China's period of rapid economic growth occur while its population was aging relatively rapidly or slowly becoming younger? Understanding the relationship between population aging and economic growth in China depends on which old age threshold is used.

![Potential support ratio and prospective potential support ratio, China, 1950--2050.\
Source: United Nations, Profiles of Ageing 2019 \[[@pone.0233602.ref001]\].](pone.0233602.g002){#pone.0233602.g002}

Having two different answers to questions like whether the world's population was aging between 1950 and 2015 and whether China's most rapid period of economic growth occurred during a period of population aging or one where the population was growing younger is a problem. The problem arises because the PSR and the PPSR measure population aging differently. The difference arises only because of differences in their threshold ages, the ages which separate older adults from younger ones. The assessment of population aging depends crucially on which threshold age is assumed.

Threshold ages and the equivalency criterion {#sec003}
============================================

Threshold ages are meant to reflect a fundamental aspect of human life. If people are fortunate enough, they eventually grow old. However, what it means to grow old in different places and at different times is certainly different \[[@pone.0233602.ref007],[@pone.0233602.ref008]\]. Threshold ages are not literally meant to distinguish between people who are supported by others from those who are not. They are meant to reflect, on a population level, our understanding that old age is a distinct life cycle stage. Threshold ages, then, are a tool for translating our intuitive ideas about old age into population level measures.

We evaluate different old age thresholds based on an equivalency criterion. People at the old age thresholds in different countries and in different years should be similar to one another in ways that are relevant for the understanding of population aging. Here, we focus on the similarity of people at the old age threshold in terms of their 5-year death rates. The advantage of using 5-year death rates is that they are consistently and reliably measured for many populations over long periods. An old age threshold would be consistent with the equivalency criterion if people at the old age threshold in different countries or at different times would have about the same 5-year death rate. An old age threshold would be inconsistent with the equivalency criterion if people at the old age threshold in different countries or at different times had very different 5-year death rates. In that case, people with the same 5-year death rates would be counted as old in one context and not old in another.

Evaluating the two old age thresholds {#sec004}
=====================================

At this writing, the Human Mortality Database \[[@pone.0233602.ref009]\] has complete cohort life tables for Denmark, England and Wales, Finland, France, Iceland, Italy, the Netherlands, Norway, Scotland, Sweden, and Switzerland. The longest time series of single year of birth cohort life tables comes from Sweden where the life tables cover people born from 1751 to 1927. The shortest time series come from Finland (birth cohorts from 1878 to 1927) and Switzerland (birth cohorts from 1876 to 1925). In [Fig 3](#pone.0233602.g003){ref-type="fig"}, we present the two threshold ages computed from these cohort life tables.

![Prospective old age threshold (age at which remaining life expectancy is 15 years), from 1830 to latest observation, cohort life tables from Denmark, England and Wales, Finland, France, Iceland, Italy, the Netherlands, Norway, Scotland, Sweden, and Switzerland, both sexes combined.\
Source: Human Mortality Database \[[@pone.0233602.ref009]\] and Authors' Calculations. Underlying data are presented in the Supplementary Information.](pone.0233602.g003){#pone.0233602.g003}

In [Fig 3](#pone.0233602.g003){ref-type="fig"}, the conventional threshold age is a horizontal line at age 65. Although the figure shows data for eleven locations and many decades, only one conventional threshold age is drawn because that age is fixed and does not change over time or space. The prospective threshold ages differ both across locations and over time. For example, the prospective threshold age for the Swedish cohort born in 1830 was around four years higher than the prospective threshold age for the French cohort born in the same year. The speed of increase in the prospective threshold ages also differed. For example, the French cohort born in 1920 had a prospective threshold age that was around one year older the Swedish cohort born in that year.

We evaluate the two threshold ages using 5-year death rates. The equivalency criterion says that people at the old age threshold should be similar to one another in some ways relevant to the understanding of population aging regardless of where and when they lived. [Fig 4](#pone.0233602.g004){ref-type="fig"} shows the 5-year death rate at the *POAT* and [Fig 5](#pone.0233602.g005){ref-type="fig"} shows the death rate at the *COAT*. The 5-year death rate is a reflection of one aspect of health \[[@pone.0233602.ref010],[@pone.0233602.ref011]\]. There are potentially other relevant characteristics, but the 5-year death rate at specific ages has the advantage that it has been consistently calculated over a long period for many countries. In [Fig 4](#pone.0233602.g004){ref-type="fig"}, we see that the prospective old age threshold is consistent with the equivalency criterion and we see from [Fig 5](#pone.0233602.g005){ref-type="fig"} that the conventional one is not. The approximate constancy of 5-year death rates at the prospective old age threshold is particularly noteworthy because of the variations in the prospective thresholds shown in [Fig 3](#pone.0233602.g003){ref-type="fig"}.

![5-Year death rates at the prospective old age threshold, 1830 to the latest observation, cohort life tables from Denmark, England and Wales, Finland, France, Iceland, Italy, the Netherlands, Norway, Scotland, Sweden, and Switzerland, both sexes combined.\
Source: Human Mortality Database \[[@pone.0233602.ref009]\] and Authors' Calculations. Underlying data are presented in the Supplementary Information.](pone.0233602.g004){#pone.0233602.g004}

![5-Year death rates at age 65, 1830 to the latest observation, cohort life tables from Denmark, England and Wales, Finland, France, Iceland, Italy, the Netherlands, Norway, Scotland, Sweden, and Switzerland, both sexes combined.\
Source: Human Mortality Database \[[@pone.0233602.ref009]\] and Authors' Calculations. Underlying data are presented in the Supplementary Information.](pone.0233602.g005){#pone.0233602.g005}

Two views of population aging revisited {#sec005}
=======================================

In [Fig 1](#pone.0233602.g001){ref-type="fig"}, we presented a graph taken from the UN's *Profiles of Ageing 2019*. The figure showed that the world's population was growing older from 1950 to 2015 when assessed using the conventional potential support ratio and was growing younger when assessed using the prospective one. The difference from those two views of our history stems from when people become categorized as old. The UN provides two old age thresholds, the *COAT* and the *POAT*. In the previous section, we showed that the *COAT* was not consistent with the equivalency criterion. People at the *COAT* differed significantly from one another in terms of the 5-year death rates depending on when and where they lived. We also showed that the *POAT* was consistent with the equivalency criterion. People at the *POAT* were similar to one another in terms of 5-year death rates across countries and decades.

The equivalency criterion defines sets of characteristic-equivalent ages. In doing so, it also has implications for the entire group of people who are at or above those characteristic-equivalent ages. For example, when the *POAT* is used, the group of people who are categorized as potentially needing support are people who are at ages where remaining life expectancy is 15 years or less. Those same people are also at the age where 5-year death rates are greater than around 0.14. When the *COAT* is used the groups of people who are categorized as potentially needing support are neither consistent in terms of remaining life expectancy nor 5-year death rates. They are only consistent in people having had their 65th birthdays.

The UN's *Profiles of Ageing 2019* provides people who study population aging with a choice of perspectives. There, whether the world's population grew older or younger from 1950 to 2015cannot be answered without deciding first on how to assess who is elderly. We recommend the use of the equivalency criterion in making that decision because it defines who is elderly in a consistent way based on characteristics relevant to the study of population aging.

Supporting information {#sec006}
======================
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Click here for additional data file.
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Click here for additional data file.
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PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.
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5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: The topic of this manuscript is relevant and important. However, the manuscript shows many shortcomings and requires a substantial revision before being published. The main issue is that it lacks innovation. The authors summarize correctly the implications of the 2 UN variants to compute the potential support ratio, but essentially do not go beyond this point. In other words, the manuscript lacks innovation. And every reader with some basic demographic and algebra knowledge is able to understand the implications of the 2 variants for population aging without this summary, but just by looking at the UN webpage and the formulas there. So, what is the innovation of this paper? What new aspects do we learn from this summary?

An aspect that can be further developed is the conceptualization and evaluation of the different threshold ages. This has potential, but again, it's not well presented and enough to convince a reader.

Reviewer \#2: Dear authors and editors,

General remarks:

Thanks for this nice clear article. It\'s an easy read, it sets a clear criterion, and presents convincing evidence for homegeneity in the case of age thresholds benchmarked to a remaining life expectancy of 15. The text could be revised to remove some redundancies (for example l183-191 is repetition of concepts already stated). I make one suggestion that would increase the number of series in your figures 3 and 4, and this is coupled with a suggested redux of fig 4. It would be easy for an experienced researcher to replicate this study from the same sources, but it is preferable and IMO best practice if you make the exercises of Figs 3 and 4 reproducible in the strict sense: tidy up your code and stick it in a repository such as OSF, and share a link in the article. In any case, I think a conditional accept is in order. The conditions are a copy edit, code repo, and consideration of the below suggestion.

Best regards,

Tim Riffe

Main suggestion:

fig 4: Why did you choose these six countries? I count 11 HMD populations with cohort lifetables. Not that HMD cohort lifetables are restricted to cohorts observed from birth until approximate extinction. Both series can stretch into earlier cohorts than those shown, because the HMD also publishes raw cohort death rates (cMx) also for incomplete cohorts. They could also extend to the right if you were willing to use some humble extrapolation to close out not-yet extinct cohorts. I suggest looking at the MortalityLaws R package to make this easy if you go this route. How far to extrapolate to this closeout? Maybe only so far as it doesn\'t make a huge difference which closeout law you pick? Extending left (no extrapolation required) and extending right (if you have the gumption) would increase the count of usable countries beyond the 11 with long series of complete cohort lifetables (or the six you chose). In that case I\'d invite you to use all series of adequate length and to rethink the design of this figure, as it\'s an effective piece of evidence, but could be even more effective. Why not just two panels, one with age 65 5-year death rates for all countries and the other with all the 5-year death rate around POAT? There will be no point in trying to make each series distinguishable, so I suggest you make them all the same desaturated color, with only a couple series highlighted (and directly labelled) that you actually talk about in the text. This ought to work because the trends within each color in the present fig 4 are mostly parallel and that\'s the point. It may end up being a stronger case. A similar principle could be applied in Fig 3 (more countries, and only highlight the ones your refer to).

The flat red lines of fig 4 make me wonder if the same would hold for death rates around other life-expectancy benchmarked threshold ages, like e(x\*) = \[5, 10, 15, 20, 25\]. The UN doesn\'t use that, though, so maybe this is beside the point? Your call.

Small things:

First paragraph l21-27: Consider removing second sentence (l22-23) and moving the present 3rd sentence (l23-25) to the end of the paragraph. i.e. how to calculate followed by what it\'s supposed to represent. Would be nice to include the most common threshold age here already to have a clear idea.

l31 space before citaition (2)

l58-59 \", assumes that the age at which people are classified as elderly should vary over time and space\" : The PPSR threshold age, in contrast, is sensitive to mortality conditions, and so the indicator is also sensitive to both the population structure and mortality conditions in each time and place.

l113-114 you can strike this sentence I think.
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Funding: This project has received funding from the European Union's Horizon 2020 research and innovation program under grant agreement No 635316 (Project Name: Ageing Trajectories of Health: Longitudinal Opportunities and Synergies, ATHLOS), SS. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Please note that the Abstract and the Introduction have been extensively rewritten. The Abstract is entirely new. The original abstract can be found in the file that contains the original submission.

Reviewer 1: The manuscript lacks innovation

The manuscript has been revised to emphasize its innovation. Its innovation is the explicit use of an equivalency criterion in defining groups of older adults. The vast majority of the literature of population aging defines the group of older adults as starting at age 65. When this is done the resulting groups of older adults are grossly inconsistent with one another with respect characteristics important for the study of population aging, such as remaining life expectancy and health (defined using death rates). The manuscript previously did not make this point strongly enough. The current version of the manuscript uses the term "equivalency criterion" to make clear that this is not a manuscript just about two different measures of population aging. It is about the more general point that measures of population aging should define groups of older adults that are defined consistently with respect to important aspects of aging.

The point of our paper is that definitions of the group of older adults should not be made arbitrarily but should be made with some criteria of equivalency in mind. Maintaining that the group of older adults be defined in a consistent and meaningful way is, in our view, an important contribution. We show in the paper that the use of a consistent and meaningful definition of the group of older adults changes materially our view of the history and likely future of population aging.

Reviewer 2: "In any case, I think a conditional accept is in order. The conditions are a copy edit, code repo, and consideration of the below suggestion."

1\. The paper has been copy edited and focused on its innovative contribution that groups of older adults be defined consistently with respect to characteristics relevant to the study of population aging.

2\. All the data used in this article come from open access sources. Figures 1 and 2 are graphs published by the United Nations. Figures 3 and 4 use data from the Human Mortality Database.

3\. Reviewer 2's suggestion had three parts. First, he suggested that we use more time series. He noted that the Human Mortality Database has 11 sets of cohort life tables. He suggested that we use all of them and we have done this now. Second, he suggested that Figures 3 and 4 be revised to use all 11 sets of cohort life tables. Third, he suggested that we extend incomplete cohort life tables and add them to the 11 that we used. This is an interesting suggestion, but we do not think that this is the right place to do it. If we were to do it, a great deal of the paper would have to be devoted to the technique of extending the cohort life tables and a sensitivity analysis of the results. This would distract from our main point that the definition of the group of older adults cannot be arbitrary but must be made on the basis of some relevant criteria. We look forward to the possibility of making use of the suggestion in a future paper.

Reviewer 2: Remove redundancies, line 183-189:

The text of lines 183-191 in the original manuscript read:

"Two threshold ages are used in the UN's Profiles in Ageing 2019. Threshold ages should categorize the elderly into as homogeneous groups as possible on the basis of some relevant characteristics. Different threshold ages are appropriate when different characteristics of the elderly are studied. The prospective threshold age produces groups of elderly that are comparatively homogeneous with respect to five-year death rates and remaining life expectancy at the age when people first become categorized as elderly. The conventional threshold age produces groups that are homogenous with respect to a fixed age, in the sense that all people classified as elderly are at or above that chronological age. The choice to threshold age depends on which characteristics of populations are being studied."

This text has been omitted from the manuscript.

Reviewer 2: revise paragraph including lines 22-25.

This has been done. We cannot give figures for threshold age here because the prospective old-age threshold has not yet been defined. We include figures for the prospective old-age threshold later in the manuscript.

Reviewer 2: space before reference 2 on line 31.

This has been corrected.

Reviewer 2: Suggested revision in the text at lines 58-59

l58-59 \", assumes that the age at which people are classified as elderly should vary over time and space\" : The PPSR threshold age, in contrast, is sensitive to mortality conditions, and so the indicator is also sensitive to both the population structure and mortality conditions in each time and place.

This has been done. The text has been revised to make it similar to the reviewer's suggestion.

Reviewer 2: Omit line 113-114.

This has been done.

Reviewer 2: change "year" to "years" in line 138

This has been done.

10.1371/journal.pone.0233602.r003
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2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.
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3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#2: Yes
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4\. Have the authors made all data underlying the findings in their manuscript fully available?
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5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.
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Dear Dr. Sanderson,

We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.

Shortly after the formal acceptance letter is sent, an invoice for payment will follow. To ensure an efficient production and billing process, please log into Editorial Manager at <https://www.editorialmanager.com/pone/>, click the \"Update My Information\" link at the top of the page, and update your user information. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, you must inform our press team as soon as possible and no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

With kind regards,

Alison Gemmill, PhD, MPH

Academic Editor
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Dear Dr. Sanderson:

I am pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please notify them about your upcoming paper at this point, to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

For any other questions or concerns, please email <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE.
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